The electronic industry is making substantial progress toward a full transition to Pb-free soldering in the near future. At present, the leading candidate Pb-free solders are near-ternary eutectic Sn-Ag-Cu alloys. The electronic industry has begun to study both the processing behaviors and the thermo-mechanical fatigue properties of these alloys in detail in order to understand their applicability in context of current electronic card reliability requirements. In recent publications, the solidification behavior of the near-ternary eutectic Sn-Ag-Cu alloys has been reported in terms of the formation of large Ag 3 Sn plates and their effects on mechanical properties of Pb-free solder joints. Several methods have been employed to minimize the growth of the large Ag 3 Sn plates in the Sn-Ag-Cu solder joints by controlling the cooling rate during solidification, reducing Ag and/or Cu content, or adding minor alloying elements which reduce the amount of undercooling required for the nucleation of tin dendrites. In the present study, the results of accelerated thermal cycle fatigue tests are reported with the near-ternary eutectic Sn-Ag-Cu alloys of reduced Ag contents. Changes in microstructure and mechanical properties are also discussed by comparing the solder joints before and after thermal cycling.
1. Introduction
Near ternary eutectic Sn-Ag-Cu alloys
Among several candidate Pb-free alloy systems, the nearternary-eutectic Sn-Ag-Cu alloys with a melting temperature around 217 C are becoming a leading candidate, [1] [2] [3] especially for SMT card assembly including BGA solder joints. The near-eutectic, commercially available alloys include Sn-4.0Ag-0.5Cu, Sn-3.9Ag-0.6Cu, Sn-3.8Ag-0.7Cu, and Sn-3.0Ag-0.5Cu (in mass%). In a study of solidification behavior of the near-eutectic Sn-Ag-Cu alloys, 4) it was reported that Ag 3 Sn plate nucleation and ensuing growth may occur with minimal undercooling. In contrast, the -Sn phase required significantly greater undercooling in order to induce nucleation and bring about final solidification. 4, 5) As a consequence of this disparity in the required undercooling for nucleation, large, plate-like Ag 3 Sn structures can grow rapidly within the liquid phase, during cooling, before the final solidification of solder joints, as reported previously. [6] [7] [8] In addition, when large Ag 3 Sn plates are present, adverse effects on the plastic deformation properties of the solder, 7) and plastic strain localization at the boundary between the Ag 3 Sn plates and bounding -Sn phase were observed. 6) In a study involving the thermo-mechanical fatigue testing of CBGA (ceramic ball grid array) solder joints, 8) strain localization was noted to occur at the boundary between the Ag 3 Sn plates and the -Sn phase, as well as preferred crack growth along the -Sn/Ag 3 Sn interface. This study also described the effective control of large Ag 3 Sn plate formation by increasing the cooling rate and/or reducing the Ag content in Sn-Ag-Cu alloys.
Control of large Ag 3 Sn plate growth
The growth of large Ag 3 Sn plates in Sn-Ag-Cu alloys has been extensively studied in terms of cooling rate, [8] [9] [10] alloy content, 8, 9) and minor alloying elements. 11, 12) The cooling rate during the reflow of Sn-Ag-Cu alloys was found to be a critical factor in controlling the formation of large Ag 3 Sn plates in SAC joints. [8] [9] [10] At a high-cooling rate, such as 1.5 C/s or higher, the formation of large Ag 3 Sn plates can be kinetically suppressed during a reflow process. However, providing a high-cooling rate is not always practical, especially, in the case of large thermal mass chip carriers. High-cooling rate operations can also cause unwanted side effects, such as thermally induced card warpage during assembly.
To thermodynamically suppress the formation of large Ag 3 Sn plates in Sn-Ag-Cu alloys, the Ag content was reduced with a fixed Cu content. 9, 10) It was found that large Ag 3 Sn plate formation was substantially reduced in alloys having a Ag content less than 3 mass%, even under extremely slow cooling conditions, such as 0.02 C/s. 9) In addition, the Cu content in Sn-Ag-Cu alloys was found to have a less significant effect than Ag content on the formation of large Ag 3 Sn plates. But, lowering the Cu content was also found to be beneficial in reducing the so-called pasty range (the temperature range between liquidus and solidus temperature) of the molten solder, resulting in fewer joint defects.
Optimization of Sn-Ag-Cu Alloy composition
It has been demonstrated that reducing the Ag content to less than 3 mass%, is a very effective method for minimizing the size of Ag 3 Sn plates in Sn-Ag-Cu alloys. The Cu content appears to be less sensitive than Ag in forming large Ag 3 Sn plates.
9) But a high Cu content can lead to the formation of large Cu 6 Sn 5 rods in quantity, especially when Cu metallization is used in the solder joint. In addition, a high Cu content in Sn-Ag-Cu alloys may increase the pasty range, causing a higher defect rate. Thus, using hypoeutectic alloys in both Ag and Cu content can be beneficial in suppressing both large Ag 3 Sn and Cu 6 Sn 5 particles and limiting its pasty range, thus reducing the reliability risk factors associated with Sn-Ag-Cu solder joints.
An additional reliability concern associated with Sn-rich solders is the allotropic transformation of white tin (-Sn, tetragonal phase) to gray tin (-Sn, cubic phase) at temperatures below 13 C to form tin pest. 9, 14) Although tin pest formation has not been reported with near-ternary Sn-Ag-Cu alloys, it would be prudent to modify the alloy composition to retard or prevent the formation of tin pest.
Based on this information, a series of modified Sn-Ag-Cu alloys was proposed for card assembly applications. 9, 15) One example of a modified alloy composition is Sn-2.3Ag-0.5Cu-0.2Bi (mass%). A small addition of Bi content in the alloy can reduce the possibility of tin transformation as claimed in the literature. 16) In the present paper, thermal fatigue behavior of CBGA solder joints was investigated to assess the thermo-mechanical fatigue performance of the modified Sn-Ag-Cu compositions. The study addresses the effects of Ag-content, cooling rate, and thermal cycle conditions. Changes in the microstructure and mechanical properties of solder joints during accelerated thermal cycling (ATC) tests are discussed as well.
Experimental Procedure

Test Vehicle description
ATC testing was conducted utilizing 230 mm Â 280 mm (9 in. Â 11 in.), mid-glass transition temperature (T g ) cards with 6 ceramic BGA modules attached as described in the previous study.
17 ) The 4s4p cross-section of the cards results in a 1.8 mm (72 mil) nominal thickness. The card BGA module sites have circular, 0.74 mm (29 mil) diameter, nonsoldermask defined pads. The pads are copper with an OSP surface finish. Using TMA, the effective CTE (coefficient of thermal expansion) for the card was determined to be 19 ppm/ C in the module (BGA) areas and 16 ppm/ C outside or away from those locations. These card CTEs were approximately constant throughout the ATC testing temperature range.
The 32 mm Â 32 mm ceramic modules containing a 25 Â 25 I/O grid on a 1.27 mm pitch were used as the ATC test vehicle. The chip carriers were 0.8 mm (32 mils) thick and whose CTE was approximately 6 ppm/ C. No chips were attached to the carrier. Rather, a stitched pattern, provided within the carrier itself, was utilized for electrical monitoring. That is, the ceramic substrate wiring (i.e., daisy chain) and matching stitch pattern on the card, formed several concentric rings of BGA solder joints after attachment to the card. Each BGA solder joint that was monitored as a part of a ring was essentially the same distance from the neutral point or DNP, the point on the card where there is no differential motion with temperature changes.
BGA Solder ball composition and card assembly
The substrate pads on a ceramic module for ball attachment were circular in shape with a diameter of 0.86 mm (34 mils) and had Ni-Au metallization. Solder balls were attached to the BGA substrate by placing 0.89 mm (35 mils) diameter solder balls on the BGA I/O pads and reflowing them in a ''balls-up'' configuration at a peak temperature of about 240 C, using a water soluble flux. The compositions of the four Sn-Ag-Cu alloys investigated are given in Table 1 . The commercial alloy, Sn-3.8Ag-0.7Cu (SAC) served as a control alloy for comparison purposes.
The BGA modules were joined to the test card with Sn-4.0Ag-0.5Cu solder paste reflowed in a forced convection oven under a N 2 atmosphere. Stencil printing of solder paste, component placement and other process steps followed standard SMT practices. The solder paste volume averaged about 5,500 cubic mils per pad and was reflowed using a ''ramp/soak/spike'' type profile. The soak or plateau was at approximately 175 C, peak temperatures were between 235-240 C, and time above liquidus was 70-75 seconds. Two cooling rates were used, about 0.5 C/s (slow) and 1.7 C/s (fast). The BGA solder joint height, or stand-off, was measured to be about 0.60 mm (23.5 mils) after card assembly for all alloys. Moderate void formation was found in the final solder joints due to the use of solder paste during card assembly. Void formation in the Pb-free solder joints was found to be equivalent to or slightly greater than normally found in similar Sn-Pb SMT assembled joints. The actual composition of the solder joints is expected to be slightly higher in the Ag content (by 0.15 to 0.2 mass%) than the composition of BGA solder balls, since the solder balls were attached using the Sn-4.0Ag-0.5Cu solder paste.
Accelerated thermal cycle testing
After assembly, cards were electrically connected to the test system, mounted in fixtures, and placed in an ATC chamber. Four cards for each of the four alloys were run simultaneously in the same chamber. This procedure was undertaken to minimize any potential thermal profile differences during the comparative testing conducted on the four alloys for each ATC condition. Thermocouples were attached to a minimum of four cards representing edge-tocenter locations of the group within the chamber. The chambers were then run in load control and programmed until all thermocouples met the target thermal profile tolerances of À0=þ5 C for the maximum profile temperature and þ0=À5 C for the minimum profile temperature. The average ramp rate was in the range of 12 to 14 C per minute. Three ATC test conditions were chosen with two temperature ranges (0 to 100 C, À40 to þ125 C) and two thermal cycle frequencies (30 and 120 min) as follows; i) ATC Test #1: 0 to 100 C, 30-min cycle time, ii) ATC Test #2: 0 to 100 C, 120-min cycle time, iii) ATC Test #3: À40 to 125 C, 42-min cycle time. For each ATC test cell, 24 modules were monitored using 4-wire interval readouts at room temperature. All BGA joints were tested at each readout. Failures were recorded when the change in resistance of an electrical net exceeded 200 m from its initial resistance prior to thermal cycling. The data reported in this paper shows the cycle interval at which the first fail was identified for a particular module. In all cases, the location of the first fail was in the outermost, and highest DNP rings.
Results
The microstructure of solder joints after assembly
The microstructure of BGA solder joints after assembly has been examined on their cross sections for four alloy compositions and two cooling rates. Figure 1 shows a typical microstructure of a Sn-3.8Ag-0.7Cu joint located at a corner of a CBGA module. This solder joint was solidified at about 0.5 C/s (slow cool) during the card attachment. The top (right) micrograph shows the microstructure near the ceramic module and the bottom (right) one is the microstructure at the card side. Due to the high Ag content and the slow cooling rate, large Ag 3 Sn plates grown in random directions were commonly observed. In the case of the fast-cooling rate (1.75 C/s) large Ag 3 Sn plates were less frequently observed in Sn-3.8Ag-0.7Cu joints. In solder joints with the reduced Ag content, large Ag 3 Sn plates were not observed in both the slow and fast-cool conditions. However, the high-Cu content in the initial BGA solder and Cu dissolution from the Cu pad on the test card caused large Cu 6 Sn 5 rods to form near the Cupad side. The presence of Ni is surprising in the CuSn IMC on the Cu pad in as-joined samples. This indicates that Ni diffusion occurred during joining through the molten solder from the Au/Ni pad on a ceramic carrier to the Cu pad on the card. A similar result was reported previously in the study of the interfacial reactions in Pb-free, BGA solder joints.
18) The -Sn dendrite structure in fast-cool joints appears to be finer than in slow-cooled joints, while no apparent variation was noted among the ball locations; e.g. corner vs. middle of a ceramic carrier. However, the -Sn dendrites were observed to be finer near the interfaces, both on the ceramic carrier and card sides, than in the middle of the solder joints. In addition, the -Sn dendrite structure seems to be finer with a higher Ag content in Sn-Ag-Cu alloys.
It is interesting to note the presence of some curved Ag 3 Sn plates in the fast cooled, Sn-3.8Ag-0.7Cu joints, suggesting a complex growth behavior of large Ag 3 Sn plates. reduced Ag content. Here, large, primary Ag 3 Sn plates were not observed anywhere even if the joints were cooled at a relative slow rate, about 0.5 C/s. Due to the high Cu content (0.9%), -Cu 6 Sn 5 particles were commonly noted in the asassembled microstructure. The -Sn dendrite structure was more or less similar in size regardless of solder ball location. But within a solder ball, a finer -Sn dendrite structure was observed near the interfaces compared with the middle of each solder joint.
ATC failure data analysis
The electrical failure data from three different ATC test schemes were plotted as a lognormal probability distribution for 8 different test conditions (4 alloys and 2 cooling rates) in Fig. 3 to Fig. 5 , respectively. Because of the field service conditions, the 0 to 100 C ATC temperature range is probably most widely used in the computer and communication industries.
For the temperature range of 0 to 100 C, two cycle times (30 and 120 min) were used. The number of cycles to failure in each case is plotted against the probability of accumulated failure rates in percentile for 8 different test cells in Fig. 3 and Fig. 4 . Failure data was analyzed assuming lognormal statistics with a global common (all cells in every experiment were taken to have the same , which was found to be 0.1530). Parameters, obtained with the maximum likelihood method, are given in Table 2 . [Note: The procedure for applying lognormal statistics is to take the natural log of the raw data, then use the more familiar normal statistics on the log of the data. Thus, ¼ ln (N 50 ), where N 50 is the cycle count corresponding to 50% accumulated failure.] Because all of the experimental cells had the same number of parts with nearly complete failure, the significance of the factors and interactions were evaluated with a standard factor ANOVA (analysis of variance), again using the log of the number of cycles to failure.
As the cycle time is increased from 30 min to 120 min for the 0 to 100 C temperature range, the number of cycles to failure decreased in all cases, but more drastically for the SAC (Sn-3.8Ag-0.7Cu) and Sn-2.3Ag-0.5Cu-0.2Bi joints. This decrease in the number of cycle to failure is attributed to increased time for plastic strain accumulation and crack extension at the low and high temperature dwells and to the time-dependent changes that occur in the alloy microstructure, particularly at elevated temperatures. For the 30-min cycle test, the average fatigue life (N 50 ) is the largest for the slow-cooled SAC joints, followed by the slow-cooled joints Failure Data for 0 C to 100 C (30 min Cycle Time) with 2.1%Ag and 2.5%Ag, and the fast-cooled joints of 2.1%Ag being the last. For the 120-min cycle test, this trend is reversed, where the slow cooled 2.1%Ag joints shows the longest fatigue life, followed by the slow-cooled 2.5%Ag, and the fast cooled 2.3%Ag (with 0.2%Bi) joints being the shortest. Here, the beneficial effect of low Ag content of SnAg-Cu alloys on thermal fatigue life is clearly demonstrated for the 0 to 100 C temperature range with the 120-min cycle time. Figure 5 shows the failure data for the À40 to 125 C temperature range with a 42-min cycle time. Because of the increased peak temperatures and the larger temperature range, the number of cycles to failure drastically decreased (to about 1/3) for the equivalent alloy and cooling condition compared to the 0 to 100 C test. In addition, the spread in fatigue life among the alloy compositions and cooling rates is much smaller compared to the 0 to 100 C test. The 3.8%Ag and 2.5%Ag solder joints performed slightly better than others.
In general, the slow-cooled joints survived longer than the fast-cooled joints for each alloy group for all three ATC test conditions. Figure 6 shows a typical example of slow-cooled Sn-3.8Ag-0.7Cu BGA solder joints thermal cycled from 0 to 100 C with the 120-min cycle. The four cross sections represent four different locations of solder joints; a corner solder joint (Ring-1), the second solder joint (Ring-2), the third (Ring-3) and the fourth (Ring-4) toward the center of the ceramic module. The temperature invariant solder joint at the center of a module, Ring-13, has a DNP value of zero. A dominant crack growth pattern is noted to be near the ceramic carrier side (top side of each micrograph), and no cracks are observed near the Cu pad on a PCB (bottom side). The crack propagation is observed up to the fourth ring of this module and the cracks are mostly confined to the pad/solder interface near the ceramic module. Large Ag 3 Sn plates that grew in random directions are readily visible in the thermal-cycled SAC joints, but do not appear to have played a role in crack propagation. Figure 7 shows another example of the cross sectional micrographs from BGA joints of Sn-2.5Ag-0.9Cu (slow cool), thermal cycled from 0 to 100 C for 120 min. Because of the reduced Ag content, no large Ag 3 Sn plates are noted in these cross sections. In the Ring-1 joint, the cracks are observed both in the ceramic and in the Cu-pad sides. In this 2.5Ag joint, both cracks propagated much further into the solder joint compared to the 3.8Ag joints shown in Fig. 6 . The failure analysis strongly supports the ATC test result that the low Ag joints (both 2.1Ag and 2.5Ag) have a longer fatigue life than the 3.8Ag joints tested for 0 to 100 C with a 120-min cycle time.
Failure analysis of thermal cycled solder joints
The interaction of Ag 3 Sn plates with the crack propagation path is not clear from the cross sectional analysis of the present study, with regard to whether they facilitate or impede the crack propagation during thermal fatigue testing. Figure 8 depicts an example where the crack propagation appears to be blocked by the presence of a large Ag 3 Sn plate in the crack path.
Microhardness measurement of BGA solder joints
To investigate the changes in mechanical properties of BGA solder joints, microhardness measurements were performed on the cross-sections of thermal-cycled samples. Nine evenly spaced measurements were made on a 3 Â 3 grid for each sample with a Vickers indentor using a load of 25 g. Figure 9 shows graphically the average microhardness of solder joints at a corner location of each module (Ring-1 position) in terms of solder composition, cooling rate and ATC scheme. The average microhardness of thermal cycled joints decreases as the ATC condition becomes more severe, such as with increasing ÁT or cycle time in comparison with the as-assembled sample of each group. Except for the solder joints containing 0.2% Bi, the average hardness gradually decreases as Ag content decreases. It is not obvious to note the effect of cooling rate on the microhardness of solder joints either as-assembled or thermal-cycled. The microhardness measurement was also performed on solder joints at the center location of each module, where the DNP is zero. The average hardness reduction of the center location was less pronounced than at the Ring-1 position after thermal cycling. This can be understood by recognizing the fact that a solder joint at the center location only experienced thermal exposure, while solder joints at the corner experienced both thermal exposure and cyclic strain. The latter facilitate microstructural changes as well as crack growth in solder joints located at the corner. 
Discussion
Effects of Ag content
The microstructural characterization of both as-assembled and thermal-cycled joints identified large Ag 3 Sn plates in Sn-3.8Ag-0.7Cu joints, but not in joints with a low Ag content, such as 2.5Ag, 2.3Ag or 2.1Ag. This is consistent with the previous results that the presence of large Ag 3 Sn plates was critically influenced by the Ag content of the alloys. [8] [9] [10] As noted in Fig. 6 , the characteristics of large Ag 3 Sn plates did not change much in Sn-3.8Ag-0.7Cu solder joints after thermal cycling tests. This also agrees with the explanation previously given that the formation of large Ag 3 Sn plates occurred during the solidification of solder joints. [8] [9] [10] One of the objectives of the present study was to determine if there is any beneficial effects of a low-Ag content on the thermal fatigue life of Sn-Ag-Cu solder joints. Based on the ATC data analysis, there is an advantage of a low-Ag content on thermal fatigue life in the case of a 0 to 100 C, long-cycle time (120 min) stress condition, but not for a short-cycle time (30 min), nor for the À40 to 125 C condition. For the 0 to 100 C, 30-min cycle time test, Sn-3.8Ag-0.7Cu joints exhibited a longer fatigue life than low-Ag joints, although large Ag 3 Sn plates were observed in the 3.8Ag joints. This suggests the thermal fatigue behavior of Sn-Ag-Cu joints are more affected by thermal cycle conditions than the Ag content of the joints. Since large Ag 3 Sn plates are found in random directions, the presence of large Ag 3 Sn plates may not necessarily lead to a poor fatigue life. Considering an example shown in Fig. 8 , where a large Ag 3 Sn plate appears to block the crack propagation, the role of large Ag 3 Sn plates on the fatigue life appears to be a complex issue.
One interesting result to note for low-Ag joints is that their fatigue life decreased to less extent as the cycle time increases compared to higher-Ag solder joints (e.g. Sn-3.8Ag-0.7Cu). The reduced sensitivity to cycle time for lowAg joints can be explained based on microstructural differences observed among joints where Ag content differs. In particular, lowering Ag content in Sn-Ag-Cu alloys appears to reduce the volume fraction of the eutectic structure, and accordingly increase the volume fraction of -Sn dendrite phase. In addition, lowering the Ag content appears to increase the Sn dendrite size. The microhardness measurements also support the changes in the microstructure; a decrease in microhardness as the Ag content decreases. The creep deformation of Sn-Ag-Cu alloys has been understood mainly by the deformation of the Sn dendrite phase rather than by the eutectic structure. 19) Furthermore, since creep deformation is known to be operative dominantly on grain or crystal boundaries, a coarse dendrite structure of low Ag joints is expected to be more resistant to the creep component of thermal cycling tests than high-Ag joints.
Effects of cooling rate
The beneficial effect of a slow-cooling rate is very clear in Table 2 for Sn-3.8Ag-0.7Cu joints, while the effect is less pronounced for low Ag containing joints, although the fatigue life of each alloy tested is slightly longer with slow cooling. When a solder joint is processed under a slowcooling rate, it retains less residual stress and strain after solidification, so is a positive factor in enhancing fatigue life. Since Sn-3.8Ag-0.7Cu is the hardest and least ductile among the solders tested, it would benefit most from slow cooling. Interestingly, the beneficial effects of slow cooling seem to override potential deleterious effects of large Ag 3 Sn plates found in slow-cooled joints of Sn-3.8Ag-0.7Cu.
Another factor to be considered in explaining the coolingrate effect is the microstructural difference due to cooling rate. From this study and previous ones, 9, 10) slowly cooled joints (or alloys) exhibit a coarsened -Sn dendrite structure with a lower microhardness value in comparison to fastcooled ones. When thermal fatigue would cause more timedependent deformation such as creep than pure mechanical deformation, the coarsened microstructure observed in slowcooled joints would exhibit a longer fatigue life.
The fact that the fatigue life of low Ag joints is more or less independent of cooling rate can be interpreted as an advantage of low Ag alloys, because they are less sensitive to reflow process conditions, including cooling rate, while Sn-3.8Ag-0.7Cu solder joints are significantly affected.
Thermal cycle effects
From the previous study of the thermal fatigue life of Pbfree solder joints in comparison to 63Sn-37Pb, 17) it was reported that the thermomechanical fatigue behavior of Sn-3.8Ag-0.7Cu was much more sensitive to the choice of ATC temperature range and peak test temperature than eutectic SnPb solder. It was also determined that the peak temperature, such as 125 C, was a critical factor in reducing the fatigue life of Sn-3.8Ag-0.7Cu for a given temperature range (ÁT). 17) In this study, it was determined ( Table 2 ) that for the same ÁT ¼ 100 C, the longer cycle time of 120 min reduced the fatigue life by 10 to 30%, and low-Ag joints were less affected compared to Sn-3.8Ag-0.7Cu. For the À40 to 125C test (ÁT ¼ 165 C) with a 42-min cycle time, the fatigue life was drastically reduced to about 30% of the ÁT ¼ 100 C condition. This reduction is attributed to the higher peak temperature (125 C vs. 100 C) and larger ÁT. Even for the more extreme test condition of À40 to 125 C, low-Ag joints survived better than Sn-3.8Ag-0.7Cu, although the differentiation is not remarkable.
The better thermomechanical behavior of low Ag joints over high Ag joints, especially under the ATC condition of 0 to 100 C with 120-min cycle time, may be understood in terms of their ductility or hardness properties. Based on the microhardness measurements of as-assembled joints (Fig. 9 ) and as-received BGA balls (Table 1) , the hardness is generally lower when the Ag content is lower. This may imply that low-Ag joints have a higher ductility than high-Ag joints. The higher ductility would promote a better distribution of accumulated plastic strain over a larger joint volume, and therefore exhibit a longer fatigue life. The crack extension per cycle is also reduced by the higher solder ductility. The crack propagation patterns observed with ATC-failed joints also support this argument as shown in Fig. 6 vs. Fig. 7 . For Sn-3.8Ag-0.7Cu joints, the crack generally propagated along the interface between the module and solder, while for Sn-2.5Ag-0.9Cu joints cracks at each interface propagated further into the solder joint, suggesting more ductility and uniform distribution of plastic strain during the ATC test.
Conclusions
The thermo-mechanical fatigue behaviors of Sn-Ag-Cu solder joints have been investigated in terms of Ag content, cooling rate, and ATC test condition. From this study, the following conclusions are drawn: (1) Sn-2.1Ag-0.9Cu solder joints assembled at a slow cooling rate have the best thermal fatigue life over the high-Ag joints for the ATC test of 0 to 100 C with a 120-min cycle time. (2) Sn-3.8Ag-0.7Cu solder joints assembled at a slow cooling rate have the best thermal fatigue life over other solder joints for the ATC test of 0 to 100 C with a 30-min cycle time. (3) The slow cooling rate (0.5 C/s) is found to be beneficial for the thermal fatigue life of Sn-Ag-Cu joints regardless of Ag content or ATC test scheme in comparison to the fast cooling rate (1.7 C/s). (4) The thermal fatigue life of low-Ag solder joints is less dependent of the cooling rate during the assembly process in comparison to the high-Ag solder joints. (5) The crack propagation pattern in Sn-3.8Ag-0.7Cu joints is more or less confined to the interface, while in low-Ag joints the crack propagation is within the solder joint. This suggests a longer fatigue life of low-Ag joints, possibly due to their greater ductility and lower hardness. (6) The role of large Ag 3 Sn plates in determining the fatigue life of Sn-Ag-Cu solder joints is not clear; being detrimental only when the plates are aligned in the direction of crack propagation. Notwithstanding the fact that the presence of a large Ag 3 Sn plate can actually enhance fatigue life by blocking or arresting an advancing crack, it is also true they can significantly increase the reliability risk factor, thus every effort should be made to eliminate their presence. 
